Introduction
The introduction of laparoscopy to surgery shifted many paradigms, some of them concerning surgical education. One of the most significant was the possibility or perhaps even the necessity to develop technical/manual skills in a simulated environment. Because of the very long learning curve, "box trainers" became commonplace in many surgical wards around the world [1] [2] [3] . There is evidence that the learning curve can be influenced by ex vivo training [4] . Despite the efforts to shorten the learning curve with novel technical solutions, extensive practice is still necessary [5] . Nowadays, every surgical trainee should follow the path of learning, starting with necessary knowledge followed by observation, training in a simulated environment of various degrees of fidelity, and finishing with supervised practice in real clinical work [6] . A few validated training protocols are available to choose from based on personal preferences and equipment at hand [7] [8] [9] . Despite the fact that laparoscopic simulators have been present on the market for a long time, proper assessment methodologies are still under development [10] . Even the most widespread training tools lack proper validity and discriminatory value to be accepted as assessment tools without further enquiry [11] . Some rudimentary benchmarks have been developed, usually based on the quantitative assessment. They include, but are not limited to, numbers of intracorporeal knots tied or elements transferred in a given period of time [12, 13] . Previously, simulation-based training was available only in selected, specialized centers. Recent developments and the introduction of simulation-based training to all medical schools in Poland has increased the access to that type of equipment for surgical trainees. Higher accessibility requires even more that valid assessment strategies be developed.
Studies suggest that the difficulty of a task increases motor cortex excitability, which in turn may lead to extensive motor unit activation and lower precision resulting from larger portions of muscles activated [14] . Taking all that into account, one may speculate that as the task becomes less demanding, the activation of the motor cortex and the motor unit recruitment resulting from it will also become lower. If that observation is confirmed, the measurement of activation patterns could be utilized to monitor the increase in trainee familiarization with the task or perhaps even some degree of competence, especially if combined with performance benchmarks.
Neuromuscular activation patterns can be effectively measured for various skeletal muscles by means of surface electromyography (sEMG) [15, 16] . The general principle of this methodology is based on the recording of the bioelectrical signal as it propagates through the muscle. Activation patterns can be evaluated and characterized based on their global parameters, such as amplitude and frequency [17] [18] [19] . Alternatively, motor unit action potentials for individual motor units can be identified and tracked through the body of the muscle [17] [18] [19] [20] .
Since the sEMG signal is relatively easy to measure and, as indicated by the available literature, it could possibly be linked at least to the familiarization of a particular skill, we decided to combine laparoscopic training and sEMG recording in search for a correlation between the sEMG signal and traditional performance assessment.
Aim
Our aim was to evaluate the changes in the sEMG signal, occurring as a result of laparoscopic training, and to link them to laparoscopic skill acquisition measured by intracorporeal knot tying.
Material and methods
Ten right-handed medical students (6 female and 4 male) in the age range of 24-27 (25 ±0.98) and without any previous training in laparoscopy were voluntarily enrolled in the study.
We used a standard laparoscopic box trainer with a high definition video camera and computer monitor. The complete equipment setup is depicted in Photo 1.
Students were asked to tie as many intracorporeal single knots as they could within 15 min: in the first step before and in the second step after structured laparoscopic training. The number of knots tied was recorded during each of those steps. This kind of exercise was chosen since it is often considered to be a good measure of laparoscopic technical competence [21] . Simultaneously, sEMG measurements were performed using a portable 8-channel sEMG data logger (OTBioelettronica, Torino, Italy) for sEMG data collection. Each time, four measurement points were used on each upper extremity. Concentric electrodes were applied bilaterally at the thenar eminence, proximal forearm, deltoid muscle and trapezius muscle, which represent index localizations proposed in the 2010 Consensus Statement by the International Society of Electrophysiology and Kinesiology [22] . The placement of electrodes is depicted in Photo 2.
The sampling frequency was set at 125 ms. Each subject underwent measurement on two occasions; eight measurement points were used.
For calibration and reference purposes, each session consisted of baseline recording of relaxed muscles followed by data acquisition in maximal contraction. Calibration periods were later excluded from the analysis.
Before taking part in this experiment, all students completed a 2-day suturing course (total of 10 h) and were familiar with the knot-tying technique in open surgery. They were also provided with stan- After initial measurements, all participants received laparoscopic skills training according to a standardized procedure.
All students were trained in one-on-one fashion by two consultant laparoscopic surgeons with extensive experience in simulator-based minimally invasive surgery training. Since the literature confirms that competence-based training is more effective than other types of training, based on time or the number of repetitions, we moved students through all exercises taking into account our perception of their competence [21] .
All trainees went through the same regimen of five basic laparoscopic drills: 1. Single-hand coordination: typical single hand small item transfer exercise. 2. Hand-to-hand coordination: hand-to-hand color marked rope transfer. 3. Working the angles: putting metal rings on appropriate rods positioned at different angles. 4. Precision and power control: precise positioning of light objects. 5. Camera angulation: forced utilization of 30-degree laparoscopic camera angulation for a basic laparoscopic drill. The amount of training the students required to achieve acceptable performance of each task varied. They were allowed to proceed to further exercises when the performance on the previous one was satisfactory. We did not measure the time needed for each of the exercises but recorded the total training time. After the training was completed, students repeated the knot-tying 15-minute exercise.
For analytical purposes, students were split into two groups based on the number of knots tied during the second measurement. Those who tied more than 15 knots formed group A and those who tied less than 15 knots formed group B. Post-training sEMG signals were compared between the groups.
The EMG data pre-processing procedure included the removal of the recordings that could have been associated with the signal's artifacts.
Statistical analysis
All data were analyzed using Statistica v.13 (StatSoft) and Python Pandas Package. The results are presented as mean ± standard error of the mean, median and interquartile range when appropriate. The Shapiro-Wilk test was used to check for normality of data distribution. The non-parametric Wilcoxon signed-rank test and Mann-Whitney U tests were chosen for non-normally distributed quantitative-dependent and independent variables.
The relationship between the number of knots tied and muscle activity was examined using the Spearman correlation. Results were considered statistically significant when the p-value was found to be less than 0.05.
Results
Signal pre-processing procedures resulted in approximately 14 min of recording (6,500 data points) per subject per measurement for each of the eight electrodes. A total of 160 sEMG signals were recorded for a total of over 1.1 million data points. Fifteen out of 160 (9.4%) recorded EMG signals were excluded from the analysis due to identified measurement errors caused by the disturbed electrode-skin contact during the movements.
The values of the medians of the registered signals' amplitude were taken into consideration in comparison to the pre-post activities of the individual muscles. The results are summarized in Figure 1 , which presents the box plot of the respective muscle groups registered before and after laparoscopic training. The upper panels characterize the dominant hand, whereas the lower graphs are assigned to the non-dominant hand.
The highest values of the median signal amplitude among the examined muscles are manifested by the thenar muscle group, both before and after the training.
Significant decreases in the median values after the training period are visible for the non-dominant hand deltoid and trapezius muscles. In contrast, greater activities characterize the non-dominant thenar after a series of training.
Comparing pre-and post-training activity on the dominant side corresponding muscle groups does not show such a clear change in activity as is visible for the non-dominant side muscles.
Dissimilarity of the activation patterns between dominant and non-dominant hands can be observed, especially before the training. They largely disappear after the training, and the activation patterns of the dominant and non-dominant hand look much more alike after the training.
The average number of knots tied during the first contact with the laparoscopic tools was 1.7 (with half of the participants not able to tie any). After the sequence of training, this value grew to 14 ±4.65 (56 s per knot).
For a more complete assessment of the association of muscle activity with laparoscopic training, the group of examined students was divided based on the number of tied knots. The criterion of the division was the ability to tie a number of knots greater than or equal to 15. According to that criterion, a group of 6 students with higher competence after the training (> 1 knot/min) and 4 with lower (< 1 knot/ min) were selected. Figure 2 shows an example of changes in activation patterns for two of the participants. The muscle activity of the student with the lowest number of tied knots (left panel) is higher than that of the student with the greatest progress after the training. This effect is visible for both the pre-and post-training stage.
The results of non-parametric Spearman correlation coefficients between muscle activities registered after the training and the number of tied knots are summarized in Table I .
They largely disappear after the training. With the exceptions of the dominant forearm and non-dominant thenar, the remaining muscles indicate a negative correlation between their activities and the level of laparoscopic skills measured by the number of correctly tied knots. The strongest relationship occurs for the non-dominant deltoid (r = -0.863, p < 0.05). Figure 3 presents a scatter-plot of the correlation coefficients calculated between the number of knots tied after the training and the activity of this muscle group. A relatively strong anticorrelation was also present in the non-dominant trapezius and forearm muscles (r = -0.587, r = -0.504) (Table II) .
In regard to the strength of the relationships between the number of knots and muscle activity (Table I), the groups of muscles that indicate the highest values of calculated autocorrelations (R Spearman > 0.5) were taken into consideration in further analysis. The comparison of the left deltoid, left trapezius and left forearm with relationship to the average number of tied knots is presented in Figure 4 .
The most evident differences between the compared groups are visible in the case of the left deltoid. The mean activity after the training significantly decreased in the group of students with greater efficiency of the performed task (above 1 knot per minute), contrary to the students with the lowest progress after training. Statistically significant differences measured with the Mann-Whitney U test were observed between the post-activity of these two groups (p = 0.014).
Despite the relatively strong anticorrelation (r = -0.587), this effect was not observed for the left trapezius, where both groups were characterized by lower activity after the training. For the non-dominant forearm, an increase of mean activities after the series of training sessions was observed. 
Discussion
The significantly lower amplitudes after the series of training sessions observed for the non-dominant deltoid and trapezius may be the consequence of many factors, including better control over the mastered movements, an increase of general motor coordination, easier manipulation of laparoscopic tools, and also a smaller force put into the complex motor task [23] . The thenar muscle group and non-dominant forearm are characterized by increases of post-training activities. This might be the result of a proper utilization of the long wrist and finger flexors (mainly the brachialis, brachioradialis, palmaris longus and flexors: digitorum superficialis, carpi ulnaris and radialis), and in our opinion might represent proper muscular activation patterns developed with training.
It is difficult to assess the pre-post training changes in the activity of these muscle groups with equal accuracy due to the inconsistent results of the average and median amplitude, recorded from the non-dominant forearm. This effect is largely caused by the specific character of non-dominant forearm working dynamics. The majority of subjects have frequently occurring outliers that cannot be qualified as signal artifacts and they seem to be part of normal muscle activity.
The smaller changes of the dominant hand signal's amplitude after the training may indicate the greater involvement of this hand in the performed task. It may also indicate that training influenced the non-dominant hand skill acquisition more than the dominant hand [24] . Considering the possibilities of so-called cross-education (increased skill/strength in the contralateral muscle of the same group as that being trained), one may also speculate that despite lower utilization of the non-dominant hand, actual training gains are distributed more evenly [25] .
Interesting results also concern the investigation of the dominant and non-dominant hand individually in the pre-and post-training stages. The relatively high disproportion in the activity of the trapezius muscle and thenar muscle group bilaterally can be observed only before training. One of the possible interpretations is that this is a sign of greater motor coordination of these muscle groups after the laparoscopic exercises. The greatest difficulties in the proper interpretation of the differences between the median activities are present for the thenar eminence. The standard error of the mean of activity of those muscles is the highest, making interpretations very prone to error. This finding has many potential reasons. The inter-electrode distance with concentric electrodes that we used is fixed. The amplitude of the signal also depends on that distance, and in proportion to the size of the muscle that distance is relatively high. Even a small change in the positioning of the electrode in relationship to the innervation zone of a respective muscle might change not only the amplitude but also the direction of the signal vector. The size of the muscle itself also has large variability, especially between male and female subjects [26] . Also, the direct contact of the electrodes with the laparoscopic instrument and semi-closed hand position may result in sweating where the electrode is located. This can have a significant impact on the measurement due to changes in the conductivity of the skin, and this is not easily avoided.
Valuable information is also provided by the comparison of the mean muscle activity and the number of tied knots (as a rough measure of the level of acquired competence). Our study confirmed an observation that muscular tension of the selected muscle group with special emphasis on the non-dominant deltoid is reduced with the increased level of manual competence, and that observation is also included in the OSATS questionnaire and was validated within the questionnaire several times for different fields of surgery [27, 28] . Tension of the upper part of the limb (especially the shoulder and neck) is not only common in people performing precise, difficult tasks especially with external pressure (time, result), but is also considered a marker of stress [29] . According to this theory, diminished activity levels at proximal measurement points may indicate increased confidence but also increased proficiency in the task at hand. Increased activation of thenar muscles might indicate more active utilization of the dominant hand.
The main limitations of our study lie in the relatively small number of examined subjects and large variability among the recorded muscle activities. However, this is, at least to our knowledge, the first study on application of this methodology for that purpose, so it could also be considered a feasibility study. A larger study with a more refined protocol is certainly fully justified now that we know some changes are visible even at this level.
Another important limitation is that the only standardization of the instructors' judgment on the rate of progress of our trainees comes from teaching together over 800 students in the course of approximately 40 laparoscopic courses (10 h each) over the period of 3 years. There was no formal standard setting exercise, so it is theoretically possible that the progress rate was different for different instructors.
Obviously, because of the inter-subject variability associated with the different level of muscle response to fatigue, the muscle activity itself cannot be considered as a factor differentiating the students due to the level of the acquired skills. The most important issue concerns the changes in those activities after the sequence of training. As depicted in Figure 2 , a better trained person is characterized by lower activity of the non-dominant deltoid over the entire length of the measurement (Figure 2 B) . The opposite situation occurs for the student with the smallest progress, where the post-training activity in some parts significantly exceeds the amplitude of the first recording (Figure 2 A) . We hope that with a larger sample and more rigid protocol, the findings will one day also be confirmed for other muscle groups.
Conclusions
From the data analysis, we can safely conclude that at least for some muscle groups there is a change in activation patterns after laparoscopic training. In general, proximal muscle groups tend to become more relaxed and the distal ones become more active. Changes in the non-dominant hand are more pronounced than those in the dominant hand.
